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As suggested by the OPERA experiment, we study two superluminal neutrino scenarios where 
5v = (v — c)/c is a constant. To be consistent with the SN1987a observations, we assume that 
8v v on the Earth is about four order larger than that on the interstellar scale. To explain the 
theoretical challenges from the Bremsstrahlung effects and pion decays, we consider the deformed 
Lorentz invariance, and show that the superluminal neutrino dispersion relations can be realized 
properly while the modifications to the dispersion relations of the other Standard Model particles 
can be negligible. In addition, we propose the deformed energy and momentum conservation laws 
for a generic physical process. In Scenario I the momentum conservation law is preserved while the 
energy conservation law is deformed. In Scenario II the energy conservation law is preserved while 
the momentum conservation law is deformed. We present the energy and momentum conservation 
laws in terms of neutrino momentum in Scenario I and in terms of neutrino energy in Scenario II. 
In such formats, the energy and momentum conservation laws are exactly the same as those in the 
traditional quantum field theory with Lorentz symmetry. Thus, all the above theoretical challenges 
can be automatically solved. We show explicitly that the Bremsstrahlung processes are forbidden 
and there is no problem for pion decays. 
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Introduction — Recently, the OPERA neutrino ex- 
periment at the underground Gran Sasso Laboratory 
(LNGS) has determined the muon neutrino veloc- 
ity with high accuracy through the measurement of the 
flight time and the distance (730 km) between the source 
of the CNGS neutrino beam at CERN (CERN Neutrino 
beam to Gran Sasso) and the OPERA detector at the 
LNGS [1]. The mean neutrino energy is 17 GeV. Inter- 
estingly, the OPERA experiment found that neutrinos 
arrived earlier than expected from luminal speed by a 
time interval 

St = (57.8 ± 7.8 (stat.)^' g(sys.)) ns . (1) 

Thus, we obtain a superluminal propagation velocity for 
neutrinos by a relative amount 

, v v - c 

bv v = 

c 

= (2.37 ±0.32 (stat.)l^ (sys-)) x 10~ 5 , (2) 

where c is the speed of light in the vacuum. Moreover, 
the neutrino energy dependence for St has been studied 
as well. For the neutrinos with mean energies 13.8 GeV 
and 40.7 GeV, the experimental values of the associated 



early arrival times are respectively 

8h = (54.7 ± 18.4 (Stat.)*™ (sys.)) ns , (3) 
St 2 = (68.1 ± 19.1 (stat.)+gj (sys.)) ns . (4) 

Thus, the comparison between two neutrino data sets in- 
dicates no energy denpendence [l[. The OPERA results 
have been confirmed by a test perfomed using a beam 
with a short-bunch time-structure allowing to measure 
the neutrino flight time at the single interaction level [l| . 
From the theoretical point of view, many groups have 
already studied the possible solutions or pointed out the 
challenges to the OPERA anomaly 

The major challenges to the OPERA experimental re- 
sults are the following: (1) Bremsstrahlung effects Q. 
The superluminal muon neutrinos with Sv v given in 
Eq. ([2]) would lose energy rapidly via Cherenkov-like pro- 
cesses on their ways from CERN to LNGS, and the most 
important process is — > + e + + e — . Thus, the 
OPERA experiment can not observe the muon neutrinos 
with energy in excess of 12.5 GeV [H; (2) Pion decays 0- 
8] . The superluminal muon neutrinos with 5v v in Eq. @ 
can not have energy larger than about 5 GeV from pion 
decay process, 7r + — > fi + Uf, and \i — > + e + v e Sev- 
eral solutions to these challenges have been proposed as 
well 
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It is well known that the traditional Lorentz invari- 
ance can be superseded by two approaches. In the first 
approach, there exists a preferred frame of reference for 
Lorentz symmetry breaking (l3j . In the second approach, 
the Lorentz invariance is deformed so that the princi- 
ple of relativity of intertial frames is preserved, while 
the Lorentz transformations, the energy-momentum re- 
lations, and the energy-momentum conservation laws are 
deformed 14| . The above theoretical challenges are valid 
in the first approach. Interestingly, the Bremsstrahlung 
processes may be forbidden and the pion decays may not 
be a problem if the Lorentz symmetry is deformed 
However, the studied model can not explain the OPERA 
results obviously [9j. 

In this paper, we study the constant 8v v in two sce- 
narios, as suggested by the OPERA experiment. To be 
consistent with the SN1987a observations (l5| . we assume 
that 5v v is about 2.37 x 10" 5 on the Earth and is smaller 
than about 2 x 10 -9 on the interstellar scale, as suggested 
in the background dependent Lorentz violation propos- 
als 0,113]. To explain the above theoretical challenges, 
we consider the deformed Lorentz invariance, and show 
that the superluminal neutrino dispersion relations can 
be realized properly while the modifications to the dis- 
persion relations of the other Standard Model (SM) par- 
ticles can be very tiny and negligible. Moreover, we pro- 
pose the deformed energy and momentum conservation 
laws for a generic physical process. In Scenario I the mo- 
mentum conservation law is preserved while the energy 
conservation law is deformed. In Scenario II the energy 
conservation law is preserved while the momentum con- 
servation law is deformed. We present the energy and 
momentum conservation laws in terms of neutrino mo- 
mentum in Scenario I and in terms of neutrino energy 
in Scenario II. In such formats, the energy and momen- 
tum conservation laws are exactly the same as those in 
the traditional quantum field theory with Lorentz sym- 
metry. Thus, all the above theoretical challenges can be 
automatically solved. To be concrete, we show that the 
Bremsstrahlung processes are forbidden and the pion de- 
cays are not a problem. 

The OPERA Superluminal Neutrinos from De- 
formed Lorentz Invariance — Considering the effec- 
tive field theory or string theory, we can parametrize the 
generic 8v v for a neutrino as follows 



. . pn 



n>0 



(5) 



where m v and P v = |P„| are respectively the neutrino 
mass and momentum, a n are the coefficients, and A/* is 
the effective normalization scale. Note that the OPERA 
results have weak energy dependence, we can only con- 
sider the ao term and a\ term. The other terms must be 
very small if they are not vanish. The pure a\ term can 
not be obtained in the Lorentz violation theory with CPT 



symmetry [13j . Interestingly, in the Type IIB string the- 
ory we can obtain this term naturally by calculating the 
four-point function [l(| [l(| . Especially, all the theoreti- 
cal challenges can be solved in such string scenario (llj . 
Thus, in this Letter we will concentrate on the ao term, 
i.e., the constant Sv v , as suggested by the OPERA ex- 
periment. 

With the deformed Lorentz invariance, we can 
parametrize the generic dispersion relation for the SM 
particles as follows 



Pi 



ZpPa + ZpePaE a + && a , (6) 



where Ea, Pa and tua are respectively the energy, mo- 
mentum and mass for a SM particle A, and £p, £,p E , and 
£j| are coefficients. Because the SM particle masses are 
invariant under the deformed Lorentz transformations, 
£p, S,p E , and £p are universal functions of itla for all the 
SM particles, i.e., £p = (p(m^), £p E = £,pe(itia), and 
£g = ^s(m^). From the effective field theory with CPT 
symmetry, we can obtain the £,pP\ or ^e^\ term inde- 
pendently 0, [HI]. If the £p E EaPa term exists, it must 
come from the interference term. After redefining the ki- 
netic terms and mass terms for the SM particles, we can 
have either the S,pP\ term or the £, E E 2 A term. Thus, we 
shall study two scenarios: Scenario I with only the £pP„ 
term and Scenario II with only the £piv term. 

First, we consider the Scenario I where Sv v — £p/2. 
For simplicity, we choose 



rrv 



,M 



ap- 



IR 



Mi 



(7) 



IR 



where ap is a coefficient, and Mir is the infrared (IR) 
scale and will be assumed to be the cosmological constant 
scale. Choosing m v = 0.05 eV, £ P = 4.74 x 10~ 5 , and 
Mm, = 2.3 x 10~ 3 eV, we get a P = 2.24 x 10~ 2 . Note 
that the electron mass is 0.511 MeV, we have £p = 4.54 x 
10~ 19 . It is easy to show that £p for all the rest SM 
particles are smaller than £p. Thus, the modifications 
to the dispersion relations of the SM particles except the 
neutrinos are very tiny and can be neglected. 

The neutrino dispersion relation is required to be in- 
variant under the deformed boost generators 



El-Pl-i P Pl\ = 



(8) 



And the Einstein special relativity should be realized at 
the = limit. Thus, we obtain 



[NT, E v ] = MPji , [NT, (P v )j] = , (9) 

Pi 



where Pi = ^1 + £ P . 

Let us consider a generic physical process: the initial 
states include n neutrinos and n' other SM particles, and 
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the final states include m neutrinos and m' other SM par- 
ticles. We obtain the momentum and energy conserva- 
tion laws which are invariant under the deformed Lorentz 
symmetry 



Interestingly, the energy conservation law is preserved as 
well. Note that the neutrino masses are tiny and can be 
neglected, we have P u — {3iE v . Thus, the momentum 
conservation law can be rewritten as follows 







E^*+E3 - E3f*+E3f. ( 10 ) 

fc=l k=l k=l k=l 

. ti n' 1 m m 

^E^+E^ - |E'- E^- (ii) 



k=l k=l 



fe=X k=l 



where P^ and are respectively the momentum and 
energy for the other SM particles, and the upper indices 
i and / denote the initial state and final state, respec- 
tively. Interestingly, the momentum conservation law is 
preserved as well. Note that the neutrino masses are tiny 
and can be neglected, we get E v = f5\P v . Thus, the en- 
ergy conservation law can be rewritten as follows 



n 



1 1 



k=l k=l 



+ y Ei — pik — z_ ■ 



3/ -E^ 

k=l k=l 



(12) 



Therefore, the momentum conservation law in Eq. (|10[) 
and energy conservation law in Eq. (|12[) are the same 
as those in the traditional quantume field theory with 
Lorentz symmetry. And then all the theoretical chal- 
lenges can be solved naturally. 

Second, we consider the Scenario II where 5v„ — £g/2. 
Similar to the Scenario I, we choose 



tA n m A M m. 

- OLE 4 4 

m a + M 



(13) 



IR 



where a E — 2.24 x 10~ 2 . Thus, the modifications to 
the dispersion relations of the SM particles except the 
neutrinos are very tiny and can be neglected. 

The neutrino dispersion relation is required to be in- 
variant under the deformed boost generators 







(14) 



[N?, El-Pl-i E El\ 
Thus, we obtain 

[N[, E v \ = ^{P v )i , [N?, [Pu)j] = foE v 6n , (15) 

P2 



where f3 2 = \J\ — 

For the generic physical process given in Scenario I, 
we obtain the momentum and energy conservation laws 
which are invariant under the deformed Lorentz symme- 
try 



HZ k=l k=l ! k=l h=l 



n 

E 

k=l 



Kk+J2 E i = E^+w 



k=l 



k=l 



/ j ^k 
fc=l 



(17) 



k=l 



El 



vkT vk 



E^ = 



k=l 



/ t a vk' vk 
k=l 



k=l 



where 



/' k 



P % t P 

f l = uk r* = — 1 ~ 
vk — pi ) vk — „/ 



(19) 



Therefore, the momentum conservation law in Eq. (Q2 
and energy conservation law in Eq. (|17p are the same 
as those in the traditional quantume field theory with 
Lorentz symmetry. And then all the theoretical chal- 
lenges can be solved naturally. 

Theoretical Challenges — We will consider the the- 
oretical challenges, and prove that the Bremsstrahlung 
processes Q are forbidden and there is no problem for 
pion decays 0-11] • 

First, let us consider the Bremsstrahlung effects. As 
an simple example, we show that the most important 
process i/„ — > !/„ + e + + e~ is forbidden in Scenario I. 
From the generic energy-momentum conservation laws 
in Eqs. (HUJ) and ([11]), we have 



pt = pf < pf , pj 

r v — r vk ^ r e+ ^ 

PI = Pi + E s \ 



E 



f 



(20) 
(21) 



Let us suppose that this process is not forbidden. As 
we know, the electron and positron masses are about 
0.511 MeV, and the neutrino masses are around 0.05 eV. 
From Eq. (|20|) we obtain 



(K ~ P, 



f )2 
vk) 



(p' + +p!-) 2 < (E, 



pf 



E 



f ^2 



, (22) 



where the above inequality is achieved by considering the 
electron and positron masses. Using Eq. (|2"Tj) . we obtain 



(K-Hkf < (pi -pi? 



(23) 



This inequality can not be satisfied obviously, thus, the 



process Vn — > Vn 



e+ + e" 



is indeed forbidden. 



Second, let us consider the pion decays via the process 
u u . Similar to the Refs. [6H8[, we consider the 



7T + — > /t 



neutrino dispersion relation in Scenario I. In Refs. 0,0]) 
using the preferred frame of reference, the authors ob- 
tained their results by assuming the following threshold 
condition 



i v P Pv 



(24) 



However, this threshold condition is not valid in the de- 
formed Lorentz invariance. 
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In addition, in Ref. [8j, the authors obtained their re- 
sults by assuming the following energy and momentum 
conservation laws 

P« = Pp + Pv, E„ = + v/TT^P, . (25) 

However, such laws are obviously different from the 
generic energy and momentum conservation laws in 
Eqs. (|T0|) and (fT2|) for the deformed Lorentz invariance. 
In particular, the conservation laws in Eqs. (fT0|) and (fT2|) 
have no £ P dependence, thus, we do not have the severe 
difficulties with the kinematics of the pion decays. 

Conclusion — As suggested by the OPERA exper- 
iment, we studied two superluminal neutrino scenar- 
ios where Sv is a constant. To be consistent with the 
SN1987a observations, we assumed that 6v u on the Earth 
is much larger than that on the interstellar scale. To 
explain the theoretical challenges, we considered the de- 
formed Lorentz invariance, and showed that the superlu- 
minal neutrino dispersion relations can be realized prop- 
erly while the modifications to the dispersion relations of 
the other SM particles can be negligible. In addition, we 
proposed the deformed energy and momentum conserva- 
tion laws for a generic physical process. In Scenario I the 
momentum conservation law is preserved while the en- 
ergy conservation law is deformed. In Scenario II the en- 
ergy conservation law is preserved while the momentum 
conservation law is deformed. We presented the energy 
and momentum conservation laws in terms of neutrino 
momentum in Scenario I and in terms of neutrino energy 
in Scenario II. In such formats, the energy and momen- 
tum conservation laws are exactly the same as those in 
the traditional quantum field theory with Lorentz sym- 
metry. Thus, all the theoretical challenges can be au- 
tomatically solved. To be concrete, we showed that the 
Bremsstrahlung processes are forbidden and the pion de- 
cays are not a problem. 
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